In a series of 64 patients with various intracranial tumors the cerebrospinal fluid (CSF), arterial and jugular venous acid-base, gas, and electrolyte values were measured before surgery and during the first 8 postoperative days. Before operation, patients without clinical signs of increased intracranial pressure had almost normal CSF acid-base status and cerebral gas exchange. The patients with signs of intracranial hypertension had CSF metabolic acidosis, arterial and jugular venous respiratory alkalosis, and mild arterial and jugular hypoxemia. Following surgery a remarkable increase in CSF metabolic acidosis, arterial and jugular hypocapnia, and hypoxemia occurred. A slight decrease of CSF potassium concentration was also revealed but the CSF sodium concentration was found to be elevated only in fatal cases or in patients with impaired consciousness. A close relationship was found between the severity of brain damage and the degree of CSF metabolic acidosis and arterial hypoeapnia. Cerebral venous hypoxemia was not related to the severity of the brain lesion. It is suggested that cerebral acidosis may contribute to the development of brain edema and pulmonary hyperventilation in patients with intracranial tumors.
T HE influence of increased intracranial pressure on cerebral circulation and metabolism is well established experimentally. Studies have shown that the increase of intracranial pressure is accompanied by a decrease of cerebral blood flow and an increase of lactate concentration and lactate/pyruvate ratio in the brain tissue and eerebrospinal fluidY ,~~ At the same time a decrease of cerebral venous pH and pO~ and an increase of pCO~, lactate concentration, and lactate/pyruvate ratio can be observedY Following the pressure release a reactive cerebral hyperemia develops together with a further increase of lactate concentration and lactate/pyruvate ratio in the brain tissue and cerebrospinal fluid (CSF) which are accompanied by the rise of cerebral venous pO2 and pH and the fall of pCO~. 17,",45 It has been suggested that brain reactive hyperemia is caused by cerebral extracellular acidosisY , 28 Reduced cerebral blood flow and oxygen consumption are also common findings in intracranial hypertension due to brain tumors in humans. 4,9,1~176 In the edematous brain tissue taken during surgery of brain tumors, increased concentrations of lactate, pyruvate, and sodium, and decreased concentration of potassium, have been found. 1,3~,3~ Data concerning cerebral metabolism in patients with brain tumors before surgery and during the postoperative course are very scarce. One reason for this lies in the difficulties of investigating cerebral metabolism in human subjects; brain tissue is not accessible for direct biochemical measurements except during an operation. Nevertheless, a good opportunity for investigating cerebral metabolism lies in measuring the appropriate metabolites in the CSF, which is representative for the brain extracellular fluid. 12 Investigations of arterial and jugular venous blood give valuable information about cerebral gas exchange. These measurements are easily repeatable and provide an opportunity to assess cerebral metabolic changes during a long disease period.
The present study was designed to investigate the changes in cerebral acid-base, gas, and electrolyte metabolism in the intracranial hypertension caused by brain tumors, and to ascertain the influence of surgery upon it. For this purpose, appropriate metabolites were measured in the CSF and arterial and jugular venous blood. A special effort was made to establish the relationship between the severity of the clinical signs of brain damage and the degree of metabolic disturbances.
Material and Methods
The study was carried out in a series of 64 patients with various brain tumors whose ages ranged from 18 to 70 years, with a mean age of 47 years. The distribution of cases according to the histological diagnosis was as follows: glioblastoma multiforme 15, astrocytoma 15, oligodendroglioma 2, metastasis 8, meningioma 12, acoustic neurinoma 5, pituitary adenoma 4, cholesteatoma 1, pinealoma 1, and primary sarcoma 1. The gliomas were removed as radically as possible at surgery. Following the operation all patients were referred to the intensive care unit where oxygen and aerosol inhalation therapy was applied and appropriate daily amounts of fluid, electrolytes, and glucose given. Treatment with hypertonic solutions was not used. The body temperature was kept at the normothermic level. Tracheostomy was performed in seven patients with severe disturbances of consciousness. Cases with controlled ventilation were not included Rein Zupping in this series. Following the surgery 12 patients died; each one had signs of severe brain damage. At autopsy, intracerebral hemorrhage was found in three cases, and there was evidence of more or less marked brain edema in all.
Prior to the surgery all cases were divided into three groups according to the clinical signs of intracranial hypertension. The first group consisted of 18 patients with benign brain tumors who showed no signs of increased intracranial pressure; their clinical picture was characterized by epileptic seizure~ or impairment of cranial nerves. The second group included 31 patients who had periodic headaches; in some, edema of the optic disc was found. They were considered to have moderate intracranial hypertension. The third group consisted of 15 patients with signs of severe intracranial hypertension. They had permanent headaches, vomiting, and impairment of memory. Most of them had papilledema and some showed impairment of consciousness.
The investigations were performed prier to surgery and thereafter repeatedly within the first 8 postoperative days. Under anaerobic conditions, the CSF was withdrawn from the lumbar subarachnoid space, the arterial blood from the brachial artery, and the cerebral venous blood usually from the right upper bulb of the internal jugular vein by means of glass syringes. All samples were collected in immediate succession. At the same time the lumbar CSF pressure was measured. Particular attention was paid to maintaining the patients' steady state during the sampling. Many of the CSF sample3 taken after surgery contained blood.
CSF and blood pH were measured by "Radiometer" pH-meter. Blood pCO2 was ascertained by Astrup's method using the "Radiometer" Blood Gas Analyzer and the Siggaard-Andersen nomogram. 39 The CSF pCO2 was determined in a similar way except that a specially designed nomogram employing a pK of 6.13 was used. Actual and standard blood bicarbonate concentrations were calculated from the Siggaard-Andersen nomogram. The CSF bicarbonate concentration was estimated from the pH and pCO2 of the CSF by the Henderson-Hasselbalch equation using a pK of 6.13 and S of 0.0314. 29 In some cases the CSF and blood 
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Results
Preoperative Period
General Observations. The data given in Table 1 show that the most characteristic change in the CSF was the decrease of the bicarbonate concentration. The pCO~ values also fell, but to a lesser extent, while the pH remained unchanged. Hence, prior to surgery the patients with brain tumors had signs of compensated metabolic acidosis in the CSF. There was also a significant increase of the lactate concentration and of the lactate/ pyruvate ratio. The mean values of CSF pO~, sodium, and potassium did not differ from the corresponding control values.
In arterial blood (Table 2) there was a significant decrease of pCO2 and increase of pH, whereas the standard bicarbonate concentration was unchanged. Thus, a respiratory alkalosis was revealed. A slight arterial hypoxemia was also noted. The values of lactate, pyruvate, sodium, and potassium were not changed noticeably. In jugular venous blood (Table 3) , as in arterial blood, significant shifts towards respiratory alkalosis were found. Jugular pO~ was reduced, but not significantly. The jugular venous lactate concentration rose, but the increase of lactate/pyruvate ratio did not reach the statistically significant level.
Arterial blood biochemical values in patients with intracranial tumors
Correlations with Clinical Signs of lntracranial Hypertension. Most changes in metabolic parameters were observed in patients who showed signs of increased intracranial pressure (Fig. 1) . In cases without signs of intracranial hypertension, the CSF pH and HCO3-, and the arterial and jugular venous pCO~ and pO~ were not different from the corresponding control values. The CSF pH and HCO3-were significantly decreased only in patients with signs of severe intraeranial hypertension. A significant arterial and jugular venous hypocapnia was revealed in both groups with increased intracranial pressure (mild and severe), whereas arterial hypoxemia occurred only in the group with severe intracranial hypertension. The jugular venous hypoxemia was statistically significant only in the group of moderately increased CSF pressure. Thus, the CSF metabolic acidosis, arterial and jugular venous hypocapnia, i.e., respiratory alkalosis, and arterial hypoxemia were characteristic of only those patients who showed signs of intraeranial hypertension.
The measured metabolic parameters were not correlated with the type and localization of tumor.
Postoperative Period
General Observations. It was found that the surgery of brain tumors gives rise to remarkable changes in cerebral metabolism. The metabolic alterations during the postop-. erative period are given in Tables 1, 2 , and 3, and in Fig. 2 .
In CSF a remarkable increase of meta~ bolic acidosis occurred with decrease ol ~ HCO,~-, pCO~, and pH, and increase of lactate and pyruvate concentrations ( 
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HORIZONTAL LINE -NEAN VALUE80I r THE CONTROL 9 4.i. The lactate and pyruvate concentrations increased significantly only on the 2nd and 3rd postoperative days. This small increase of CSF lactate in contrast to a more remarkable decrease of bicarbonate is probably due to the fact that the lactate was not measured in all cases. The increase of CSF lactate was accompanied by a corresponding increase of pyruvate, and, therefore, the lactate/pyruvate ratio remained unchanged. The values of CSF pOo were generally reduced, but were nonsignificant statistically. The CSF sodium concentration did not change noticeably after surgery whereas potassium concentration was significantly decreased during the first postoperative days. The lumbar CSF pressure was significantly increased only on the 2nd and 3rd days, at the time when the CSF metabolic acidosis was also most remarkable.
A striking deepening of respiratory alkalosis occurred in the arterial blood (Table 2, Figure 2 ). During the postoperative period, there was a change of arterial pCO~ toward normal, but the pH remained at a constant high level due to the increase of standard bicarbonate concentration after the first postoperative day. Thus, during this period metabolic alkalosis developed in addition to the respiratory alkalosis. Following surgery a significant increase of arterial hypoxemia was also found. There were no consistent changes in the arterial lactate, pyruvate, sodium, and potassium concentrations.
Following surgery the changes in the .jugular venous blood showed the same tendency as those in the arterial blood, i.e., a remarkable increase of respiratory alkalosis and hypoxemia (Table 3) . As shown in Fig. 2 , the jugular venous acid-base and gas values followed quite closely the corresponding arterial values. There were no significant changes in either the jugular venous lactate and pyruvate concentrations or the lactate/ pyruvate ratio.
Correlations with the State of Consciousness. As shown in Fig. 3 , the decrease of CSF pH and bicarbonate concentration and the increase of lactate concentration in patients with impaired consciousness were much more marked than in cases with clear consciousness. Hence, the degree of CSF metabolic acidosis was closely related to the state of consciousness. Patients with impaired consciousness also showed a significant increase of CSF sodium concentration. The arterial hypocapnia and hypoxemia were more marked in cases with impaired consciousness, whereas the jugular venous hypocapnia and hypoxemia were not related to the state of consciousness.
Correlations with the Outcome. The same differences as between the groups of clear and impaired consciousness were also found between the recovered and fatal cases (Fig.  4) . The fatal cases showed a more pronounced CSF metabolic acidosis, arterial hypoxemia, and increase of sodium concentration than did the recovered patients.
The changes in the measured postopera- tive metabolic parameters could not be correlated with the histological structure or the localization of brain tumors.
Discussion
Before discussing the main results of this study an evaluation of the significance of the measured parameters has to be given.
Experimental studies have shown that the changes in the cisternal CSF and brain tissue lactate and pyruvate concentrations are similar, although their absolute values are different? ~ Therefore, the alterations of lactate and pyruvate concentrations in the cisternal CSF reflect changes in the brain tissue. There are as yet no data available on the relationship between the lactate and pyruvate concentrations in the lumbar CSF and brain tissue. Since lumbar puncture in cases of increased intracranial pressure is less hazardous than cisternal puncture, knowledge of the lactate and pyruvate relationship between the lumbar and cisternal fluid is necessary if one wants to draw conclusions about the brain tissue lactate and pyruvate changes on the basis of lumbar CSF measurements. The data about this relationship are contradictory. Some investigators have found that cisternal and lumbar CSF acid-base values are identical in the steady state; 7,13 others have revealed a similar bicarbonate concentration in both fluids, the cisternal pCO~ being lower and pH higher than the lumbar values. 19 In acute cerebrovascular disease a higher pH and a lower lactate concentration in the cisternal CSF has been found. 32, 34 We have previously investigated and reported the biochemical values of simultaneous lumbar and cisternal CSF samplings together with measurements of corresponding arterial and jugular venous parameters in a group of 18 patients with severe brain damage following head injury, cerebrovascular disease, or surgery of brain tumors? 3 Most of these patients had severe impairment of consciousness, and investigations were carried out after the acute period of the disease. Results of that study (Table 4) showed that the concentration of bicarbonate, lactate, and pyruvate, and the lactate/pyruvate ratio, were similar in both the lumbar and cisternal CSF, but the pCO2 was significantly lower and pH higher in the cisternal CSF. The pO~ and the concentrations of sodium and potassium did not differ. These data suggest that the changes in the lactate and pyruvate concentrations of the lumbar CSF as well as of the cisternal CSF reflect the corresponding alterations in the brain tissue in patients with brain damage. In view of the fact that the bicarbonate buffer system is the only buffer system in CSF and that lactate is the main inducer of CSF acidosis, the fall of bicarbonate concentration should be proportional to the rise of lactate concentration and thus reflect the shift toward acidosis in brain tissue. The pCO2 at different regions of the CSF system must also depend on the state of local circulation, due to which pH is also different. The results of experimental studies suggest that the concentrations of sodium and potassium are similar in both the CSF and cerebral extracellular fluid? ,11 Therefore, the changes in CSF cation concentration may reflect the direction of their alterations in the brain extracellular space.
Results of the present study indicate that patients with brain tumors without clinical signs of increased intracranial pressure have a practically normal CSF acid-base status and cerebral gas exchange values.
The development of CSF metabolic acidosis, which indicates the acidosis in the brain tissue, is typical of cases with signs of severe intracranial hypertension. It is reasonable to assume that the brain acidosis is caused mainly by decreased cerebral blood flow leading to brain hypoxia. Most investigators have found a close correlation between the degree of intracranial hypertension and reduced cerebral blood flow. 4,1~, 42 The cerebral hypoxia due to intracranial hypertension may also be reflected in the jugular venous pOc. It is well known that the jugular venous pO_o depends on the ratio of cerebral blood flow and the cerebral oxygen consumption. In conditions of reduced blood flow, more oxygen must be extracted from the blood, and the cerebral venous pO2 falls. In this study no correlation between the degree of intracranial hypertension and jugular venous pO2 was found. The jugular venous hypoxemia was revealed only in the group with a moderate increase of intracranial pressure, whereas during severe intracranial hypertension the decrease of jugular pO2 was not significant. It is possible that the only insignificant fall of jugular pO2 in this case was caused by the shunt flow in malignant gliomas which was the commonest lesion in the group with severe intracranial hypertension.
In cases with severe intracranial hypertension a moderate but statistically significant arterial hypoxemia was also found. The resuits of the experimental studies indicate that the arterial hypoxemia in these conditions is caused by disorders in pulmonary circulation which lead to the development of arteriovenous shunts in the lungs and to the derangement of the ratio of pulmonary circulation and ventilation2
Hypocapnia in both the arterial and jugular venous blood was also a characteristic finding in case of increased intracranial pressure. Reasons for this symptom will be discussed below. We have found that surgery for brain tumors causes considerable additional change in cerebral metabolism. There was a marked increase in CSF metabolic acidosis, arterial and jugular venous respiratory alkalosis, and hypoxemia. These values, as a rule, diminished slightly at the end of the first postoperative week but even on the 6th to 8th days were considerably higher than before surgery.
In contrast to the increase of the CSF lactate pyruvate ratio found in the preoperative period, there was a corresponding increase of CSF lactate and pyruvate concentrations without any further rise of the lactate/pyruvate ratio following the surgery, despite the pronounced decrease of brain oxygenation. It is assumed that the increase of the lactate/ pyruvate ratio reflects the shift of the cytoplasmatic NADH (reduced form of nicotinamide-adenine dinucleolide)/NAD' (oxidized form of nicotinamide-adenine dinucleoide) system to a more reduced state, thus indicating tissue hypoxiaY 1'23 '36'a7 The corresponding increase of lactate and pyruvate is characteristic of increased glycolysis. 2~ It must be noted that the CSF lactate/ pyruvate ratio found already in our control group was somewhat higher than that reported by others? 3 It is not likely that the excessively increased CSF pyruvate concentration in our cases was due to increased glycolysis. We are inclined to believe that the reason for this lies in the method of pyruvate determination we used. Therefore, we believe that the CSF lactate increase reflects the degree of brain tissue hypoxia as accurately as does the rise in the lactate/pyruvate ratio. This assumption is supported by the finding of so close a relationship between the severity of brain damage and the increase of CSF lactate concentration.
Hence, following surgery there was a fur--ther decrease of brain oxygenation and increase of brain acidosis. Consequently, there must also have been a considerable decrease in cerebral blood flow. The extreme vulnerability of the brain to trauma is well known. Brock s has shown that even slight local brain compression of short duration gives rise to cerebral edema and a decrease in regional cerebral blood flow. It is clear that the in-crease of cerebral circulatory and metabolic disorders following surgery for brain tumors is caused by the trauma to the brain during surgical intervention. Therefore, our results point once more to the great importance of gentle manipulations during brain surgery.
This study revealed that the CSF metabolic acidosis was more pronounced during the 2nd and 3rd postoperative days, and that at the same time the lumbar CSF pressure was highest. It is well known that brain edema fol/owing intracranial operation usually becomes manifest in 1 or 2 days. All this points to the close relationship between the brain acidosis and edema. Acidosis may contribute to the development of cerebral edema through two different mechanisms. It has been shown that in acidotic conditions cation transport across the cell membrane is impaired, causing an increase of sodium concentration in the cells and the development of intracellular edema. ~~ Several studies indicate that extracellular hydrogen ion concentration is the main factor controlling cerebral blood flow/7,41 Extracellular acidosis, causing dilation of arterioles and the increase of cerebral blood volume, may favor the increase of intracranial pressure and plasma extravasation through the damaged vessels, thus contributing to the development of extraceUular edema.
The degree of CSF metabolic acidosis was closely related to an altered level of consciousness and to the outcome. In all fatal cases, postmortem study revealed cerebral edema. However, it is reasonable to assume that patients with hemispheric tumors and impaired consciousness had cerebral edema. These results also indicate a close relationship between cerebral acidosis and edema.
Following surgery a significant increase of jugular venous hypoxemia occurred. However, it was surprising that the jugular pO2 values were not related to the severity of brain damage as was the case with CSF acidosis. This may be because in patients with impaired consciousness and fatal outcome there is more severe damage to tissue with a loss of the number of metabolically active cells plus inability of the ischemic tissue to utilize all the available oxygen. As a result, the cerebral venous pO2 in subjects with severe brain damage may be increased. The pronounced brain acidosis causing cerebral vasodilation and the luxury perfusion syndrome ~8 may also contribute to the elevation of jugular pO2.
Surgery caused a remarkable deepening of arterial hypocapnia due to pulmonary hyperventilation. There was a close correlation between the severity of brain damage, CSF metabolic acidosis, and arterial hypocapnia. We were not able to associate the development of hyperventilation with any specific level of brain damage. We suppose that hyperventilation represents a compensatory reaction to brain acidosis aimed at bringing the pH of brain tissue back to normal. However, it must be noted that a supramedullary brain lesion could also favor the development of hyperventilation by reducing the inhibitory influence of the upper parts of the brain on the medullary respiratory center. Venous hypocapnia was usually less severe than arterial hypocapnia, probably indicating reduced production of carbon dioxide in the damaged brain.
The normal arterial standard bicarbonate values found during the first postoperative days demonstrate the absence of nonrespiratory changes in the systemic acid-base metabolism. During the later period a slight metabolic alkalosis developed which was most likely due to potassium deficiency.
The mean values of CSF sodium concentration following surgery did not show any change, whereas the CSF potassium values had a tendency to fall. However, in patients with impaired consciousness or fatal outcome there was a significant increase of CSF sodium concentration. We believe that this change indicates an increase of sodium concentration in the cerebral extracellular fluid as well.
The CSF pO2 values were often decreased but varied greatly, and as a result there were no consistent changes in the mean values. However, we did not find any correlation between the severity of brain damage and the CSF pO2. Evidently the CSF pO2 does not reflect brain tissue oxygenation as many investigators have suggested. 6,18,22
Conclusion
Measurement of the metabolic parameters in the CSF and arterial and jugular venous blood provides a suitable method for assessing cerebral metabolism in patients with brain tumors, and thus of evaluating pathogenetic mechanisms of brain damage for subsequent treatment. Despite modern therapy, patients with brain tumors have considerable disorders in cerebral acid-base and gas metabolism which greatly influence the prognosis. Our work emphasizes the need for more effective methods in the treatment of these disorders of cerebral metabolism.
